I. Introduction
The preceding structure study [1] on 1,2-difluorobenzene (orthodifluorobenzene, ODFB) made it desi rable to examine also the molecular structure of 1,3-difluorobenzene (meta-difluorobenzene, abbrevi ated as MDFB) in order to derive experimentally secured information on the carbon -fluorine bond length in this compound and to quantify further the distortion of the benzene ring under fluorination. Ulti mately, these data present experimental information needed for gaging the success of existing [2] or future structure calculations on these compounds by ab initio methods.
II. Experimental a) Samples
MDFB was obtained from Koch-light laboratories and purified by vacuum distillation at room tempera ture. 2-dr MDFB 70% enriched) was prepared [3] by reacting the normal form with sodium methoxide and deutero-methanol at 50 °C for one week. A mix Reprint requests to Dr. O. L. Stiefvater, Adran Cemeg, Coleg Prifysgol Gogledd Cymru, Bangor/Wales, United Kingdom.
ture of 4,6-d2-MDFB (~ 20%) and 2,4,6-d3-MDFB (~ 60%) was obtained by reacting the normal form with concentrated D2S 0 4 at room temperature for about three weeks. The eight distinct 13C-forms of normal and 2,4,6-d3-MDFB were studied in their nat ural abundance of 1.1%.
b) Instrumental
Experimental work on the normal and 2-dr form was carried out by conventional Stark Effect Modula tion (SEM) [4] microwave spectroscopy. Work on the other isotopic forms was conducted by Double Reso nance Modulation (DRM) techniques [5] at room temperature and at sample pressures of ~ 20 mTorr. Frequency ranges for pump-and signal-radiation were as specified in the preceding study [1] .
III. Spectroscopic Results a) Sequence of analysis
At the outset of this study the previous work of Nygaard et al. [6] on the normal form of MDFB was confirmed by DRM spectroscopy, and the assign ments were extended by SEM work up to 26 GHz. The spectra of the four distinct 13C-forms of the nor mal molecule were identified next by DRM tech-0932-0784 / 88 / 0200-167 $ 01.30/0. -Please order a reprint rather than making your own copy.
niques [5] . The highly enriched 2-d^form was then examined by SEM spectroscopy. This sample deterio rated subsequently, and this prevented the later exam ination and extension of the assignments by DRM methods. Due to spectral complexity under SEM the 2,4,6-d3 sample was studied by DRM, which also re vealed the presence of the 4,5-d2-form in this sample. There was no evidence for the presence of the perdeutero-form in this sample. The spectroscopic work was completed with the study of spectra of the four 13C-forms of the trideutero-species by DRM spectroscopy.
b) Derivation of Rotational Parameters
The twelve spectra of normal and isotopic forms of MDFB were fitted [7] to the Hamiltonian given be fore [1] with four quartic centrifugal distortion con stants. The variation in the number and in the range of J-values of measured transitions for the different isotopic forms required again that a reasonable set of distortion constants be established for use in the final fits of the spectra.
a) D i s t o r t i o n T r e a tm e n t
Initial fits of the spectra of the normal and the three deuterated species showed 3 ^-uncertainties of up to 200% in the widely differing distortion constants xaabb and xabab (see Table 1 ) of these four species. Guided by the previous results on ODFB, a weighted average of xaabb = 0.325 kHz was inserted as a fixed parameter into the re-fits, and this resulted in close agreement between the initially different values of xabab, leading to an average value of xabab = ( -0.385 ± 0.007) kHz for the four isotopic species. With this constant fixed in the described manner, xaabb = (0.323 ± 0.009) kHz was redetermined, and these two values were subse quently used in the final fitting of all the spectra. For fitting the 13C-spectra the constants xaaaa and xbbbb were also held fixed at the values of the parent forms (normal and 2,4,6-d3-species, Table 1 , rows 5 and 8). Minute variations of the rotational constants as a result of the described disposition over the distortion constants are covered by the 3 a-limits quoted. ß ) R o t a ti o n a l C o n s ta n ts These are collected in Table 2 together with the resulting moments of inertia of the 12 isotopic forms. The top of this table gives the usual statistics of the fitted spectra. The 564 measured transition frequen cies have been deposited with the "Sektion für Spek tren und Strukturdokumentation" of the University of Ulm. They are also available from the author. Table 2 contains sufficients isotopic data for inde pendent determinations [8] of the ring geometry of MDFB in the reference frame of the normal species and in the inertial axis system of the 2,4,6-d3-species. The two axis systems are interconnected simply by a shift of the origin (centre of gravity) along the C2v-axis (b-axis). For placing the peripheral hydrogen or deu terium atoms, the same experimental data have to be used twice: the hydrogen positions of H(2) and H(4/6) 
IV. Structure Calculation
Fitted a Uncertainties are three times the standard deviation, and given in units of the last quoted decimal. b Distortion constants without uncertainties were held fixed in the fit. c zaahh = 0.323 kHz, zahah = -0.385 kHz throughout. d Conversion factor: 505376 MHz ^Ä2.
(see figure 1 ) are determinable in the normal axis frame from the moments of the 2-dx-and 4,6-d2-species, while the positions of D (2) and D(4/6) in the 2,4,6-d3-species can be calculated from the moments of the 4,6-d2-form (better called '2-hj-form' in this context) and from those of the 2-dr form (better called '4,6-h2-form'). The position of H (5), which could not be exchanged for deuterium, has to be assumed in both reference frames. The location of the unsubstitutable fluorine atoms can then be determined from the first moment condition and from the ob served moments about the b-axis of the two parent molecules (normal and 2,4,6-d3-MDFB). As in the previous case of ODFB [1] the structure calculation was carried out first on the basis of Kraitchman's equations for planar molecules [8] and then repeated with the program GEOM [9] .
a) Kraitchman calculations
The a-and ^-coordinates of the carbon atoms C(l/3) and C(4/6) were caluclated from all three pos sible combinations of zl/9-values and the different re sults were averaged, as in the case of ODFB. This same procedure, which in the case of ODFB could be applied for all atoms, could not be used for placing C(2), C(5) and H(2) in MDFB, because their acoordinates are zero by symmetry while AIb < 0 for all three substitutions. The ^-coordinates of these three atoms could be calculated for a rigid molecule either from Ala alone or from AIC alone, which should be equal in that case. In reality, the change in zero-point vibration under substitution leads to a relatively large discrepancy between AIa and AIC, while AIa and AI* = AIC -AIb (with AIb < 0) are fairly close and give therefore reasonably consistent ^-coordinates. On this ground we chose to adopt the average ^-coordinates resulting from the use of AIa and AI* for the Kraitchman calculation (compare Table 5 for de tails). The b-coordinate of the pair H (4/6) was deter mined in the same way, while its a-coordinate was deduced from a2 = AIb/2(mD -mH) once by the use of the observed zf/,,-value and once from AI* = AIc -AIa. The hydrogen atom H(5) on the symmetry axis was assumed as 1.082 + 0.001 Ä from C(5). -The substitution coordinates obtained by that approach are given in rows 1-7 of Table 3 , where the square brackets have the same significance as before [1] . The coordinates of the unsubstitutable fluorine atoms, finally, were obtained as follows: Calculation of bF from the first moment condition completed the set of ^-coordinates, which allowed the calculation of the moment about the a-axis for comparision with the observed value. This revealed (row 9-11 of Table 3 ) a deficiency of 0.14% in the moment deduced from the substitution coordinates. The same percentage defi ciency was subtracted from the observed moment /£bs-, and the resulting, adjusted moment about the fr-axis was then used together with the known acoordinates of C (1/3), C (4/6) and H(4/6) to yield aF.
The same procedure was followed in the deter mination of coordinates in the inertial axis system of 2,4,6-d3-MDFB (column II of Table 3 ), in which ^-coordinates should differ from those in the normal system by a constant amount, namely the shift of the centre of gravity under deuteration (column III of Table 3) .
To obtain the coordinate set of column IV, the bcoordinates of atoms in the 2,4,6-d3-frame were trans formed to the normal axis system and averaged with their counterparts in that system. The a-coordinates, which, ideally, should be equal in the two systems, were taken as the straight averages, except for the small a-coordinate of C(l/3), which was weighted by [7] a See text for significance of square brackets. b Compatibility of normal and 2,4,6-d3 values. c The data in the d3-frame were given twice the weight in the combination. d Uncertainty in assumed C-H distance is included. e Most of this uncertainty arises from an estimated error of 33% in the assumed value of ÖIa = /£bs -/£alc . f Coordinate derived from first moment condition. Uncertainty assumes maximum error in the other 6-coordinates. 8 Assumed as 0.15% ± 0.05%. a factor 2 in favour of the apparently more accurate value in the 2,4,6-d3 system. The fluorine coordinates of the combined set were re-derived as outlined above.
Bond distances and angles following in the usual way from the three coordinate sets are given in the lower half of Table 3 . The square brackets in column IV of this table give the compatibility of the combined data with their counterparts in the normal and the 2,4,6-d3 axis system. The molecular structure which emerges from the Kraitchman method is shown in Figure 1 .
b) Structure Calculation with the Program GEOM
The results of computer fits of the structure of MDFB to the isotopic data of Table 2 are summerised in Table 4 . In analogy to the calculations of the pre ceding section and to those of the previous study of ODFB, the structure of MDFB was determined sepa rately in the normal and the 2,4,6-d3 axis system by matching the input parameters (Kraitchman results) to the zl/g-values of appropriate isotopic forms. Final ly, all isotopic data were used together (column IV of Table 4 ). Table 3 . b Uncertainties in units of the last quoted digit. c Parameter was not fitted, but deduced from the coordinates.
In Table 4 it will be noticed that the sum, X(<5/2) in row i, of the squared differences between the observed zl/9-values and those calculated by the program is about 30 times larger than in the case of ODFB, which has no atoms on its symmetry axis. Examination shows that ~ 95% of the ^-values in the present case arise from the atoms H(2) and C(2) which lie on the C2v axis of MDFB and which give rise to negative zl/b-values upon substitution. These values can, of course, not be matched by the computer scheme (nor by the Kraitchman formalism). It is equally impossi ble to match simultaneously the noticeably different values of AIa and AIC for substitution of H(2) and C(2). This, in turn, leads to the relatively pronounced discrepancies (column headed A in Table 4 ) in the distances from the C(2) atom, i.e. in the bond lengths C (2)-H (2) and C (2)-C (l/3) and in the ring diame ter C(2)... C(5). As is shown in Table 5 , these incon gruities between Kraitchman and GEOM results arise ultimately from the occurrence of negative zl/b-values Table 5 . The /^-coordinates of, and distances between (in Ä), atoms on the C2v axis of MDFB, calculated from different combinations of /l/9-values.
Method of calculation I Normal axis system II 2,4,6-d3 axis system
Kraitchman (IV-a) (compare Table 3) GEOM (IV-b) (see Table 4) Kraitchman (IV-a) (compare Table 3) GEOM (IV-b) (see Table 4 An extensive discussion of the physical merit of one or the other, or of further schemes [10, 11] of structure calculation would exceed the frame-work of the pres ent study and is therefore omitted. This can also be justified by the fact that the discrepancies, which arise from the different weighting of particular zl/3-values in Sect. IV-a and IV-b, do not exceed 0.002 Ä for the bond lengths in MDFB. Moreover, the sought-after C -F distance turns out virtually identical in the two schemes of calculation as 1.3562 Ä.
V. Discussion a) Centrifugal Distortion Treatments
In the previous study [6] of the normal forms of the difluorobenzenes only the distortion constants xbbbb and rcccc could be determined experimentally after zaaaa and xabab had been fixed to values derived from the force-field of these two compounds. The larger num ber of transitions observed for several isotopic forms in the present studies (compare Tables 2 of this and the preceding paper) does not require the imposition of such additional assumptions, and therefore affords a comparison between the constants previously esti mated from the force-field and those deduced from the analyses of the rotational spectra alone. This compari son is presented in Table 6 , and indicates a high degree of correlation for both ODFB and MDFB. This justi fies the approach taken here and in the earlier work [6] .
b) Structure Calculations
The possibility of calculating a molecular structure from two different, and largely independent sets of isotopic data naturally enhances confidence in the correctness and accuracy of the spectroscopic work and in the reliability of the deduced structure parame ters. The latter results depend however on the method of structure calculation adopted. This is illustrated in the present case of MDFB in Table 4 and Table 5 . There exist, in addition to the Kraitchman [8] and GEOM [9] procedures, which we have employed and contrasted above, procedures recommended by Chutjian [10] and by Rudolph [11] . While the first two of these methods ignore the possible occurrance of changing inertia defects through the assumption of an absolutely rigid structure, Chutjian's method equally suppresses such effects, but now on the basis of sym metry considerations. The 'averaged Kraitchman' procedure, which we have used here as well as in previous structure determinations, is very close to the method advocated by Rudolph [11] , who however recommends the inclusion of a fourth coordinate val ue (derived from the combination of AI* = AIC -AIa with AI* -AIC -AIh) in the averaging process de scribed in Sect. IV-a, above. Figure 2 brings together the structures of ODFB and MDFB, as determined in the preceding paper [1] and in this study. Fluorobenzene [13] is included in Table 6 . Centrifugal distortion constants (in kHz) in difluorobenzenes as derived from the force-field (F.F.) and from the rotational spectra (R.S.) * rcccc was calculated [12] from the data of Tables 1 and 2 . this figure, and the structure of 2,6-difluoropyridine [14] is added for comparison with MDFB. -A glance indicates that the effective C -F bondlengths in these four cyclic compounds deviate by less than 0.01 Ä from each other, and they give an average value of 1.352 ± 0.005 Ä. Earlier values [6] , as short as 1.30 Ä for the C -F lengths in the two difluorobenzenes were derived from the moments of the parent forms alone with the assumption that the benzene ring remained unaffected by fluorine substitution. All four structures of Fig. 2 show this assumption to have been incorrect, and the earlier, short C -F distances must therefore be dismissed. When taken collectively, the experimen tal C -F lengths of the four compounds suggest that the 'off-set' value (additive correction) of -0.026 Ä, which was adopted by Boggs et al. [2] to convert the results of their ab initio calculations into C -F bond lengths as determined by substitution (mixed r0/rs type) should perhaps be reduced towards -0.017 Ä. Distortion of the benzene ring upon fluorine substi tution is seen to be characterized by a contraction of the two ring bonds adjacent to the site of fluorination by 0.03-0.04 Ä in total, and a simultaneous opening of the ring angle between these bonds by ~ 3.5° in the case of fluorobenzene and MDFB. In ODFB this an gle increases only by ~ 1°. Ring bond lenths removed by one or two bonds from the site of substitution deviate little from the benzene value of 1.396 Ä, with distortion taken up by appropriate changes in the angles. Ab initio structure calculations, available [2 b] for MDFB, are qualitatively in keeping with the re sults obtained here, though differences of 0.02 Ä and 1.5° between experimental and theoretical structure parameters remain.
c) Comparison with Related Compounds

